The interaction potential of negative ions (electron bubbles) with the surface of liquid 4 He, 3 He, and Ne has been found. In addition to the electrostatic repulsion, the contribution of the long-range Van der Waals attraction of the electron bubble to the liquid surface has been also taken into account. Competition of these repulsion and attraction forces results in the formation of a potential barrier that prevents the motion of a negative ion from the liquid to the vacuum. The temperature and electric-field dependences of the lifetime of the bubble have been determined. The theory has been compared with the experiments with negative ions in liquid 4 He. In contrast to the conventional idea based on the hypothesis of the quantum tunneling of an electron from a bubble to a vacuum, our theory is based on the Kramers' diffusion model of the classical escape of the bubble over the potential barrier. In this model, a low-dynamic-friction approximation is applicable to liquid 4 He owing to a high mobility of negative ions in the superfluid. PACS numbers: 67.55.Ig
Positively-and negatively-charged complexes placed in liquid helium are known to have fundamentally different structures. A positively-charged complex is a He + ion surrounded by polarized atoms of solid helium [1] . An electron placed in the liquid is repelled by helium atoms and forms a bubble around itself [2] . The transport properties of positively-and negativelycharged complexes are determined by their interaction with the elementary excitations of the liquid. Experiments of various types revealed a striking difference between positive ions and electron bubbles. It turned out that He + ions cannot penetrate the surface of liquid helium, whereas electrons quite easily pass through the surface into the vacuum at not too low temperature (above 1.2 K).
In experiments [3, 4] , the electrons were attracted to the liquid-vapor interface by the electric field E . It was found that the electric current associated with the electron motion through the surface decreases exponentially with temperature. The potential barrier was 30-40 K, depending on the magnitude of the electric field.
The interaction of a point charge with a dielectric half-space is commonly approximated by the expression (1) where
At low temperatures, the vapor density is low and parameter A is determined by the dielectric constant ε of the liquid. This approximation yields an infinitely high barrier. However, it does not take into account the finite size of the charge and assumes an abrupt change in the medium properties at the liquid-vapor interface. In reality, the density of the liquid changes smoothly in a 10-Å layer. Therefore, Bruschi et al. [5] and HsingMei Huang et al. [6] attributed the finite barrier height to a cutoff of potential (1) at a distance of a few amgstrom. In early works on the electron transport from liquid helium to a vacuum [7, 8] , the potential of shape (1) was used to determine the equilibrium Boltzmann distribution of bubbles in the liquid and the barrier height was obtained by fitting the experimental data. In [9] , the shape of the potential barrier was numerically calculated ab initio taking into account the pair interaction of He atoms. Although the calculation agrees well with the measurements [3, 4] concerning the barrier height in zero field, it does not yield a pictorial presentation of the interactions in the system that may lower the potential barrier. The theories [7, 8] also do not provide such a picture.
Two different models were proposed to calculate the lifetime τ of a charged bubble and to compare it with experiment. According to a diffusion model, the charged complexes that move in the electric field and reach the helium surface "burst" and the electron appears in the vacuum. Phenomenological calculation DYUGAEV et al . [4] of the probability of such a process based on the Smoluchowski theory [10, 11] yields (2) Here, parameters V M and V 0 are related to the expansions of the potential V ( z ) near points z M and z 0 , respectively, where it has the maximum V M and minimum V 0 value [10, 11] :
The relaxation time τ 0 and the frequencies ω M and ω 0 in Eq. (2) are determined by the mobility µ and effective dynamic mass M of the negative ion [10] (4)
The comparison of Eq. (2) with the experimental data for liquid 4 He performed in [4] yielded V M = 43.8 K and = 2.23 × 10 3 K/Å 2 . The parameters V 0 , , and z 0 were found from Eq. (1): (5) Temperature dependence (2) agrees well with the experimental data but the fitting parameter appears to be three orders of magnitude larger than the reasonable estimates [7, 8] .
This caused the rejection of the classical diffusion model for the description of negative ions in liquid 4 He. Another model studied in detail in [7] [8] [9] suggests that the electric current across the liquid surface is due to the quantum tunneling of electrons from bubbles to a vacuum. To come to an agreement between the tunneling model and the experimental data, the authors of [7, 8] had to take a bubble radius of 25-26 Å, which is 1.5 times larger than the value obtained from mobility measurements. The substitution of the conventional value
R = 17 Å into the corresponding formulas yields the lifetime τ three orders of magnitude larger than the experimental value. A computer calculation of the lifetime of a bubble, taking into account its finite size [9] , also differs from experiment. Thus, the existing theory of electron bubbles near the surface of liquid helium does not give a satisfactory explanation of the experimental data.
We propose a new description of the interaction of an electron bubble with liquid helium. We first introduce the fundamental attraction of the bubble to the liquid surface associated with the long-range attraction between atoms (6) Second, we take into account the finite size of the bubble. For that, we write the electron wavefunction in the form (see Fig. 1 ) (7) where R 0 is the characteristic size of the bubble. Approximation (7) implies an absolute impossibility of the quantum tunneling of the electron from the bubble to the liquid. Defining the dimensionless parameter x = z / R 0 , we replace the A /z term in Eq. (1) by V e given by the formula (8) The expression for f e (x) is obtained by integrating the interaction potential of the electron with the liquid surface (see Fig. 1 ).
(9)
The function f e (x) is defined at x > 1 (z = R 0 ) and may be expressed as a fast-converging power in series of 1/x (10)
The value f e (1) = 1.13 gives an idea of the accuracy of expansion (10) . For z = R 0 , the approximation of Eq. (1) by V e = A/R 0 x is accurate to 0.13.
0.0228. = = Fig. 1 . Illustration of the symmetry of the Van der Waals interaction. The attraction force of the bubble to the vacuum is exactly equal to the attraction force of the cluster to the liquid surface.
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A more accurate computation of the function ψ e (r) is pointless, as even the rough approximation sin 2 πy = 1/2 does not significantly change the result in Eq. (8):
In particular, f e (1) = π 2 /8 = 1.23. Thus, the inclusion of the finite size of the bubble yields only a minor numerical correction. However, we shall take it into account in our calculations.
The effects of the bubble attraction to the surface (and the repulsion of the He + ion from the surface) may be understood comparing Figs. 1a and 1b. They reflect the symmetry of matter and a vacuum: the attraction of a ball to a liquid is exactly equal to the attraction of a bubble to a vacuum. For the same reason, vacancies (holes) are concentrated near the surface of a solid. An atomic vacancy is attracted to the surface by the potential v(z) obtained by integrating interaction (6) over the vacuum (z < 0) half-space (see Fig. 1 ) (11) If z ӷ R 0 , the bubble is attracted to the vacuum by the potential v + = v(z)N, where N is the number of particles in the bubble. Since N ӷ 1 (see table) , (12) where n is the liquid density. Integrating Eq. (11) over the bubble volume, taking into account its finite size, we obtain the attraction potential of a negative ion to the liquid surface
Thus, the total interaction potential of the bubble and the liquid surface reads as (15) We performed a numerical computation of potential (15) for 4 He, 3 He, and Ne. The results are shown in Fig. 2 . The dashed lines are the respective curves obtained according to Eq. (1). Figure 3 presents the V(z) curves for 4 He and several values of electric field E. The height V M = 39 K of the potential barrier for 4 He agrees well with the experiments [3, 4] . Calculation using Eq. (15) gives a reasonable value of = 0.6 K/Å 2 .
The constants used in our computation are listed in the table.
Our approach to the description of the behavior of charged complexes near the surface of a dielectric liquid provides a simple explanation of the difference between positively-charged clusters and negativelycharged bubbles. At a distance of about tens of angstroms, the interaction of the bubble and the liquid surface is a result of the competition of attraction and repulsion forces (15), whereas for the clusters, both forces are directed into the liquid.
Next, having determined the shape (15) of the potential barrier, we can calculate the lifetime of the electron bubble in the diffusion model. It is important that liquid 4 He is a superfluid in the temperature range T = 1.1-1.9 K, for which the experimental results [3, 4, 7] were obtained. Thus, the mobility of electron bubbles in this temperature range is very high. According to [10, 11] , Eq. (2) holds only in the limiting case of a 
The mobility µ 4 of negative ions in liquid 4 He in the temperature range studied in [4, 7] is determined by their interaction with rotons and depends exponentially on T [12] : [7] is presented in Fig. 4 , where ln(τ/γ) for 4 He is plotted against 1/T. The parameter γ is given by the expression where E is expressed in V/cm. The idea of the accuracy of the low dynamic friction approximation specified by Eq. (16) for 4 He is given by the relation between the parameter 2ω M τ 0 and µ 4 , which comes from Eqs. 
